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Abstract
Several new interhalogen species have been prepared and characterized
by matrix isolation methods. Bromine difluoride, dibromine fluoride, and

dibromine difluoride have tentatively been identified by infrared matrix

isolation spectroscopy. These species were formed in a number of

different experiments utilizing both UV-photolysis and microwave discharge
excitation.

The chlorine and bromine hexafluoride radicals have been prepared by
gamma-radiolysis of approximately five mole per cent of the precursor molecule
(chlorine or bromine pentafluoride) suspended in a sulfur hexafluoride
matrix and subsequently characterized by electron spin resonance. The
previously reported chlorine tetraflﬁoride radical has also been formed by
the same technique utilizing chlorine trifluoride or pentafluoride/sulfur

hexafluoride mixtures.
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This program involved low-temperature syﬁthesis and spectroscopic
characterization of new species containing fluorine and other electronegative
elements, such as chlorine and other halogens, oxygen and nitrogen.
Characterization was carried out by Fourier transform infrared spectroscopy
and electron spin resonance using matrix isolation techniques.

Infrared Studies

The major thrust of our low temperature matrix-isolation infrared

studies consisted of attempts to prepare and stabilize the radical BrF2

in order to compare its bonding and structural properties with other

21’2 and Cle3 are

apparently the only 21 valence electron interhalogen radicals that have been

known "electron rich" radical species. Presently C1F

at least partially characterized by vibrational spectroscopy. Other

21 electron radicals, including Cl34 and Br35, which were originally

reported to be formed by microwave discharge were in all probability

AN - : 6 2 ¢
the ionic X3 species. Based on the recent Raman results and previous

infrared datal, the ClF2 radical appears to possess an intermediate bond
angle of ~150°., Such bond angles are apparently unique for interhalogen
species since the bond angles for most of these molecules are very near

90° or 180°. Experimental data for other "electron rich" radical species,
such as Ber, are clearly needed for a better understanding of the structure

and bonding prevalent in such molecules.

A. UV-Photolysis

The matrix mixtures were deposited on a CsI window cooled to 14°K
with a Cryodyne Model 350 glosed—cycle helium refrigerator adapted
for use with electronic temperature control equipment. Photolyses of
the matrix samples were carried out through a quartz window on the cryostat
assembly with radiation emitted from a General Electric Model BH-6 high-

pressure mercury arc lamp utilizing two filter combinations., Filter I
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consisted of an 11 cm quartz cell filled with water (transmits ~200-900 nm),
while Filter II consisted of the water~filled quartz cell plus a Corning
CS-7-54 glass filter (combination transmits ~280-420 nm). Low-resolution
spectra were scanned with a Perkin-Elmer Model 337 spectrometer while
higher resolution spectra were obtained with a Digilab Model FTS-20 Fourier
Transform infrared spectrometer.

The initial approach involved attempts to synthesize BrF, by photodetach-

2

ment of F atoms from the parent BrF3 molecule isolated in an Ar matrix via

UV-photolysis. UV-photolysis of BrF3/Ar mixtures results in the appearance
of a new infrared band near 570 cm—l. The increase in intensity of this
weak feature on thermal cycling from 14° to 25° to 14°K and the disappearance
of the band at v35°K, as shown in Figure 1, is indicative of an unstable
species., BrF3/Ar matrix samples were subjected to a variety of photolysis
conditions in an effort to optimize the yield of the new species. However,
with the current photolysis equipment consisting of a high-pressure mercury
arc source and a variety of glass filters, no experimental conditions
were found which sufficiently enhanced the yield.

In the C1F work,l’2 the poorest radical yields resulted from the

2

photodecomposition of C1F, while the greatest yields came from the photolysis

3
of C1F and F2 codeposited in a matrix through the reaction C1F + F - C1F2.

An analogous route for production of BrF, from the photolysis of BrF + F

2 2

is much more difficult to carry out because of the disproportionation

2 + BrF3.7 Several experiments were carried out in

which the above equilibrium mixture diluted in Ar was codeposited with

equilibrium 3BrF = Br

an F2/Ar mixture and photolyzed. Efforts were made to maximize the quantity

-

of BrF and at the same time minimize interference from other species.
The difficulty encountered by this approach is illustrated in Figure 2A

which represents the infrared spectrum of the codeposited Brz,BrF BrF/Ar

3’
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(a)

(b)
(c)
(d)

Figure 1.
Infrared spectrum of BrF3
n1/2000, 17 mmoles of mixture deposited)
After 25 min. photolysis with Filter II.
After thermal cycling (14°K to 25°K to 14°K).

After warming to 33°K.
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A)

(B)
(©)

Figure 2.
Infrared spectrum of an equilibrium mixture of Brz, BrFB, and
BrF in Ar codeposited with F2 in Ar (Brz, BrF3, BrF/Ar ratio
n1/50, F2/Ar ratio &1/170, 8.5 mmoles of each mixture deposited).
After 40 min. photolysis with Filter II.

After thermal cycling (14°K to 25°K to 14°K).
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and Fz/Ar mixtures. In addition to the BrF band at 660cm_l in Figure 2A,

there are numerous other bands which can be attributed to BrF, and perhaps

3
other species. Although the complexity of this system appeared to be
prohibitive, photolysis of this sample was carried out which resulted
in the appearance of three new doublets at 569,567 cm—l, 561,563 cm-l, and
556,554 (:m.-1 as indicated in Figure 2B. The intensities of 568 cm_l and
555 cm—l bands as well as a band at 527 cm’l were enhanced by thermal
cycling (14° to 25° to 14°K) as illustrated in Figure 2C. The 569,567
<:m'-1 doublet apparently corresponds to the 570 cm—l band previously
mentioned in the photolysis of BrF3/Ar matrix mixtures. The significance
of the 556,554 em © doublet and the band st 527 co - will be discussed in
a later section. One interesting side—light to this particular set of
experiments involved the observation that the matrix film took on a blue
tint after photolysis, which remained even after the sample had been warmed
to the temperature where the vaporization of the argon occurs.
B. Microwave Discharge

A Raytheon Microtherm Model CMD-10 microwave diathermy generator
was used to supply a maximum of 125 watts of microwave energy at a wavelength
of 12,2 cm. The microwave energy is directed by means of a coaxial cable
to an Evenson- type cavity. The discharge was initiated in a Lucalox
(high-purity alumina) tube after attaining a steady gas flow rate in
the range 0.5 to 1.0 cc/min. This system was operated at approximately
80% full power with the variable coupler and tuning screw adjusted so that
a maximum forward to reflected power ratio was achieved. Gas mixtures
subjected to the discharge were subsequently deposited on a CsI window
cooled to 14°K for infrared spectral observation.

This approach to the synthesis of BrF, was stimulated by a recent

2

report involving the synthesis of BrF by microwave discharge of an
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Fz/BrZ/Ar mixture utilized in a mass spectrometric kinetic study.8 This
particular approach appeared to present a method for producing "purer" BrF
which could subsequently be deposited at low temperatures before
disproportionation could occur. Also by using an excess amount of FZ’
additional F atoms formed in the discharge and deposited along with the BrF
could yield further reaction in the matrix to produce Ber.
The initial experiment utilizing this particular approach consisted
of preparing a 1:2:200 mixture of Brz/Fé/Ar and passing a portion of this |
mixture through a microwave discharge. This method was complicated, however,
by the production of BrF3 and BrF5 in addition to BrF as evidenced by the
respective infrared bands at 595cm‘1, 635cm_1, and 660(:1!1_l in Figure 3A. |
Three weak features at 527, 507, and 475 cm—l in Figure 3A are also worth 1
noting. It is apparent, after examination of Figure 4 which represents
the spectrum of a BrZ/FZ/Ar mixture not subjected to the discharge, that
the three features just mentioned are due to species resulting from the
discharge. On thermal cycling (14° to 25° to 14° K) the intensity of
the 527 cm-l band increases slightly (Figure 3B). On warming to 30° K the
intensity of this band further increases while that of the 507 cm-1 band
diminishes. The 527 cm-1 appears to correspond to the band previously

mentioned in the photolysis experiment exhibited in Figure 2. On further

warming the S?.7cm_1 feature disappears indicating that it is due to an

unstable species, as is also the 507 cm_1 band. The feature at 475 cm“l
apparently corresponds to a stable species as its intensity remains
unchanged even after warming to 50° K. The intensity behavior resulting
from the various warming cycles is illustrated in Figures 3B-3E.

" In determining whether the F, and Br2 reacted prior to the discharge,

2

a portion of the Brz/FZ/Ar mixture of identical concentration was deposited

in the absence of the discharge. The infrared spectrum of this deposited




Figure 3.

(A) Infrared spectrum of BrZ/FZ/Ar‘mixture passed through a microwave
discharge (Brz/Fz/Ar ratio ~1/2.5/425, 10 mmoles of mixture
deposited) .

(B) After thermal cycling (14°K to 25°K to 14°K).

(C) After warming to 30°K.

(D) After warming to 40°K.

(E) After warming to 50°K,
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Figure 4.
Infrared spectrum of Br2/F2/Ar mixture not subjected to microwave

discharge (Brz/FZ/Ar ratio ~1/2,5/425, 10 mmoles of mixture deposited).
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mixture, depicted in Figure 4, indicates that there is a significant

prereaction, The predominant product appears to be BrF_ along with a

5

minor amount of BrF. Bands due to BrF, are absent indicating that it is

3

formed in the discharge. In order to minimize prereaction of F, and Br

2 2"
the experiment was modified so that the two reactants mixed separately in
Ar were brought together in the discharge tube. The results obtained 1
utilizing this approach differed only slightly from those involving the
premixed reactants. The primary difference appeared in the observation of A
an additional weak feature near 570cm_1 on warming of the matrix film, |
This band apparently corresponds to that observed in the BrF3/Ar photolysis i
experiments, |
The results from both the UV-photolysis and microwave discharge
experiments indicate that a number of new Br-F species have been formed.
Similar results have recently been obtained by Professor Andrews'group
at the University of Virginia.9 One experiment at Virginia involved
deposition of a BrZ/leAr sample from a common vessel which gives a mixture
of Br

F2,BrF and BrF Photolysis and thermal cycling of this sample

2’ 3
resulted in two new doublets at 568,570 cm"1 and 554,556 cmn1 corresponding

to bands that we had previously observed in our UV-photolysis work. A
second experiment by Andrews' group consisted of codepositing Br2/Ar and

F2/Ar mixtures from separate vessels which produced no BrF or BrF,. Photolysis

3
of this sample produced a very strong 554,556 cm_1 doublet, a strong

507 cm—'1 band, ana weak BrF, bands.

3

Based upon our present joint results10 tentative assignments for a number

of the new bands can be made. The 570Cm-1 band is apparently due to Ber

-

since it is observed only in presence of either BrF or BrF The 555 and

3

507 cmm1 bands are assigned to Br2F2 and BrZF'respectively;in a manner

analogous to that for C12F2 and C1,F in the photolysis of the C12+F2

Sy - — oy C p——— — — —
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system.3 The 527 cm'-1 and 475 cm-1 bands observed in the microwave
discharge work presently remain unassigned. Raman experiments by Andrews'
group should help to further clarify the bromine-fluorine system. A list
of vibrational frequencies for a number of Cl-F and Br-F neutral species
is given in Table I for comparison purposes. It should be mentioned that
based upon frequency comparisons from this Table, the assignment of the
570 cm“l feature to BrF2 is somewhat unexpected.
C. Yy - Radiolysis

Another area of infrared work has involved attempts to prepare and
characterize radical species such as CIF

4° ClF6, and BrF,, by y-radiolysis

6’
of matrix mixtures similar to those utilized in the electron spin resonance
work (see below). In order to carry out these experiments, a miniature
liquid nitrogen-cooled cryostat was constructed of the correct dimensions
to fit into the cavity of the 60Co Y=source. The initial experiments

consisted of y-radiolyzing thin films of SF, deposited onto a CsI substrate

6
in an effort to make infrared characterization of the SF5 and SF6— radicals
known to be formed from esr studies.15 The infrared spectrum of the
16

SF5 radical has recently been reported by Smardzewski and Fox™  and,
therefore, provides a good check of the feasibility of this method.

The reported SF. bands are 812 and 552 cm-l which are in areas where

3
thin films of SFe transmit readily. A number of experiments involving
a number of different radiolysis times resulted in the observation of
no new features in the SF6 spectrum. It was felt that if SF5 or SF6'
could not be characterized by this method that there was little chance
of observing interhalogen radicals in 5 mole % mixtures and, therefore, these
studies were suspended.
A review of the vibrational spectra of the main group binary fluorides,

which is to be submitted for publication, has been included in this report

as Appendix I,
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Table I. Vibrational Frequencies of Neutral Chlorine-Fluorine
and Bromine-Fluorine Speciesa
Point Group Vib ragional Cl-F Freqfency Br-F Freqyency
Symmetry Mode Compound (em™™) Compound (em ™)
o K c1-F2 Br-F1t |
ve(Z )-vX-F 760 660
€y 011-“;,_1’2 BrF, !
vl(Al)-vX—F sym. 500 — |
vz(Al)-éF—x—F 242 .
v3(Bz)-vX—F asym. 578 570
1
CZv C1F312 BrF312
vl(Al)—vX—F' 754 672
vz(Al)—vX-F sym. 523 547
| v3(Al)—6F—X—F 1.ps 328 235
v4(Bl)—vx—F asym. 683 597
Vs (B])=8F-X-F~ i.p. 431 347
v6(BZ)—6F—X-F 0.p. 332 252
04 ClFS13,14 BrFS12,14
i vy (A))=vX-F~ 722 681
v (A])~vX-F sym. 539 582
v3(Al)—6F—X—F Sym.o.p. 493d 366d
va(Bl)—vX—F asym. 480e 535e
vs(Bl)-GF—X-F asym.o.p. 346d 281d
v6(B )-8F-X-F asym.i.p. 375 312
V3 (EF-vX-F asym. 726 636
v8(E)—6F—X—F‘ 482 415
vg(E)-GF—X-F asym.i.p. 299 240
3
c (7) Cl,F Br,F
= v X-F - 536 - 507°
v X-X 302 -—
3
¢, (?) ClF Br,F
e v F-X-F s 638 s 556°
v X=X 462
3
C,. (7 Cl,F Br,F
2 v F-X-F £a 559 aa -—-

aFrequencies were obtained from matrix-isolation work.

bv represents stretching, § represents bending, unique fluorine atom indicated by

F* in XF3 and XFS compounds; i.p. - in plane; o.p. - out-of-plane.

“rentative assignments,
dFrequencies from gas phase Raman work, ref. (14).

€calculated frequency from ref. (14).

z = 2 -, v -
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ESR Studies |
Electron spin resonance studies were performed in an effort to

characterize new fluorine-containing radicals. The approach that was

utilized in much of this work (conducted in collaboration with Professor

T. Ffrancon Williams and his group), involved y-irradiation of a mixture

of the precursor interhalogen suspended in a suitable solid matrix, such |

as SF6' The procedure consisted of preparing a gaseous mixture of the

appropriate interhalogen and matrix gas (optimum concentration of interhalogen

A5 moleZ%) in a well passivated stainless steel vacuum line. A small

fraction of the mixture was condensed into either Suprasil quartz or

FEP Teflon tubes and sealed off for subsequent y-radiolysis at 77°K utilizing

a 60Co source. The esr spectrum was then recorded using the Varian Model

4502 ESR spectrometer at a temperature that yields good isotropic spectra

while at the same time maintaining radical lifetimes sufficient for observation

(for SF6 this temperature is ~105°K).
This approach has proven to be successful in the preparation of
the previously unreported interhalogen radicals, C1F617 and BrF618 (For

details see Appendices II and III). The C1F, radical which was previously

4

reported by Preston and Morton19 is also readily prepared by this method.

The net reaction by which most of the interhalogen radicals are formed
utilizing this technique appears to involve fluorine atom addition from
the matrix material to the appropriate interhalogen compound. A variety

of matrix materials, including SF SiFa, M0F6, WF6, SeF, and Xe, have been

6’ 6

examined in order to determine their ability to form and stabilize radical
species, SF6 was found to be the most versatile matrix material as the
sumﬁarized esr data in Table II illustrate. It is interesting to note
that the ClFa radical is formed with unusual ease by this technique and

also that this method is considerably '"cleaner" than the approach used

Ml T o R il R i e I ey -
'




[ ——— T ———

14

by Morton and Preston19 to produce C1F4. A radical originally thought

to be SiF5 formed in the y-radiolysis of ClF3/SiF4 mixtures proved to

be a small quantity of ClFA. The failure of such radicals as C1lF,, BrF

2)
and IFS/SF6

4°
and IF¢ to be formed on y-radiolysis of C12/SF6, BrF3/SF6,
mixtures, respectively, remains a mystery. The size of the matrix trapping
sites may play a major role in the success of this particular method.

One problem which manifested itself from the onset of this work

was the reaction of various interhalogen materials with the metal to glass

i e il

seals used in attaching the quartz tubes to the metal vacuum line prior

to the samples being sealed off. This problem was largely overcome

through the use of FEP Teflon which has proven to be an excellent non-
reactive containment material. The FEP Teflon tubes (1/8" o.d.) are
attached to the vacuum line with standard Swagelok fittings and can be
sealed readily with a "soft" flame. The Teflon also appears to be superior
to the quartz as a containment material for the more reactive interhalogens,

such as ClF30.
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Table II. Summary of ESR Studies

Compound Matrix® Radicals Formedb’c
Cl2 SF6 X
C1F SF6 X
C1F Xe X
ClF SiF4 X
ClF3 SF6 ClF
ClF3 Sll<4 ClF
Cll'3 b ClF3 X
C1F30 A SF ClF4
ClF5 SF C1F4,C1F6
ClF5 Xe X
ClF5 ClF5 X
Br2 y SF6 X
BrF3 SF6 X
BrF3 Xe X
BrFs SF6 BrF6
BrF5 Xe X
BrL SF X

d 6
IF5 SF6 X
IF5 Xe X
IF5 SeF6 X
IF5 M0F6 X
SiFa , SF6 X
SF6 SF6 X
SlF4 SlF4 X
SiF4 Xe X
XeOF4 SF6 X
SF4 SF4 X
SF4 SF6 X
NF3 SF6 X
MoF M0F6 X
WFGd SF6 X
OF SF X

Zd 6
WF6 WF6 X

FA1L mixtures were A5 mole % and were prepared in Suprasil quartz tubes.
bThe radicals SFs and SFg were observed in mixtures containing SFg.

c
X denotes no new radicals were formed.

dMixtures

Cinfrared
with the

also prepared in FEP Teflon tubes.

analysis of ClF30 showed major contamination by ClF3 and poor agreement

published spectrum of CLF30.
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Appendix I

VIBRATIONAL SPECTRA OF THE BINARY FLUORIDES
OF THE MAIN GROUP ELEMENTS - A REVIEW

N.R. Smyrl and Gleb Mamantov
Department of Chemistry
University of Tennessee
Knoxville, Tennessee 37916
Abstract. The results of vibrational spectroscopic studies
on the fluorides of the main group elements are summarized 1

in this review. Emphasis is placed on results obtained by :

matrix isolation. The trends in the periodic table are :

noted.




Vibrational spectroscopy is an important tool for the characterization
of various chemical species. Valuable information regarding molecular
structures as well as intra- and intermolecular forces can be extracted
from vibrational spectral data. Recent advances, such as the introduction
of laser sources to Raman spectroscopy, the commercial availability of
Fourier transform infrared spectrometers, and the continuing development
and application of the matrix-isolation technique to a variety of chemical
systems, have greatly enhanced the utility of vibrational spectroscopy to
chemists.

Inorganic fluorinec compounds are of considerable interest and
importance not only because fluorides of nearly all known eclements, including
some of the rare gases, have been synthecized, but because a number of these
compounds are quite different from other halides. Concider, for example,
the compounds SF, and SF

4 6

very inert and a very stable compound while SF

and their chloro analogs. SF6 is chemically a

4 also quite stable, is quite |

reactive. The corresponding tetrachloride molecule is stable only at low

temperatures while the hexachloride molecule is nonexistent,

Many fluorides, particularly the interhalogens, are very reactive and
require special handling techniques. Matrix isolation has proven to be a
very useful technique in the study of inorganic fluorides; it is particularly

useful in the study of very reactive species, such as the free radicals and

high-temperature vapor species. Such molecules can be stabilized in a
low-temperature matrix environment which effectively prevents reaction with
cell and window materials. Since the molecules arc effectively isolated
from each other, problems involving molecular association are minimized.
There is gonerally a good correlation between matrix and gas phase spectral
data except in cases where strong interaction between the matrix material

and the isolated molecule exists. Narrow bandwidths are a characteristic
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feature of matrix spectra making it frequently possible to obtain
structural information from bands involving different isotopes. Matrix-
isolation data will be utilized, wherever possible, throughout this paper.
In this review we summarize and attempt to correlate vibrational
speccral data amassed from the literature for the main group inorganic
binary fluorides. In addition, a brief review of the matrix-~isolation
studies of both reactive intermediates and high-temperature fluoride vapor

species is included, placing particular emphasis on the interhalogen molecules. i

A. Inorganic Binary Fluorides

In this section available vibrational data for the main group binary
fluorides will be reviewed in an attempt to establish trends in both
structures and bond stretching force constants. The review is restricted
primarily to molecular entities which were observed either in the gas

phase or in inert matrices. The emphasis on the matrix data in this review

is in contrast with the more general approach taken by Reynolds in an
earlier review of the vibrational spectra of inorganic fluorides (1).
Vibrational spectra, besides being utilized to establish molecular
structures, can be used in the evaluation of molecular force constants.
Considerable effort has been expended to relate bond stretching force
constants to bond order. Although no specific thecoretical model has been
found that will cover all types of chemical bonds, there exists a qualitative
relationship between bond stretching force constants and bond orders which

permits a comparison of bond strengths for molecules such as the binary

fluorides. In making such a comparison, a consistent force field model

must be adhered to. The General Valence Force Field (GVFF) or an approximation

of this field generally referred to as the Modified Valence Force Field

(MVFF) are the potential models which have become increasingly popular




with chemists. Valence force constants normally exhibit good transferability
between molecules possessing similar types of bonds. Valence stretching
force constants further bear a close relationship to the chemical bonding
forces. Force constants utilizing the valence force field were, therefore,
chosen for comparison in this paper for the reasons just mentioned and
because of the wealth of data available in the literature. Although a
unique set of force constants rarely exists for a given polyatomic molecule,
one preferred set can normally be chosen on a physical basis. Relating
stretching force constants to bond energies should be treated with caution,
particularly for molecules exhibiting a large percentage of ionic bonding,
since the magnitude of the force constant is primarily a reflection of only
the covalent character of a particular bond.

Table I lists the symmetry point groups and X-F stretching force constants
for those main group binary fluorides for which the oxidation state of the
element combined with fluorine corresponds to the group number. In Tables
II-VI vibrational spectral data, (using matrix isolation results if available)
including the X-F stretching force constants, are presented for the main
group binary fluorides having formulas ranging from XF to XFS, respectively.
Two force constant trends are apparent. First, the force constants decrease
in magnitude from top to bottom for a given group in each of these tables
with certain exceptions noted below. For molecules which possess both
equatorial and axial X-F bonds, the axial stretching force constant exhibits
the top to bottom trend opposite to that previously mentioned. Going from
left to right the farce constants in the periodic table first increase
reaching a maximum in a given period somewhere in the vicinity of the
transition point from metal to nonmetal; this is followed by a decrease in
the force constant. These force constant trends are much more apparent

for Tables I-III where a more complete set of data is available,
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From the data presented in Tables I-VI, it appears that a particular
structure is maintained for molecules of the same formula and within a

given group with the exception of BeT, and Mng which are linear while the

2
remaining members of that group have bent (sz) structures. The vibrational

data for the diatomic fluorides presented in Table 1II are taken from gas phase

electronic and matrix-isolation spectral studies; both sets of data are

S SSE—y

available for a number of the diatomic molecules in this Table. The gas

Ve

phase frequencies have all been corrected for anharmonicity except in the
case of fluorine, this is apparently the reason for its force constant ‘
being lower than that for ClF. If the matrix data for the diatomic molecules
of Group VITA arc examined, however, the expected top to bottom trend
is observed. The apparent reversal in the magnitudes of the gas phase and
matrix frequencies for MgF is a rather unusual occurrence which is also
worth noting.

In Table III there are several points worthy of note. For both
Groups VA and VIITA there appear to be deviations from the apparent normal
and XeTF

top to bottom trend with PF having slightly larger force constants

2 2

than NF, and KrF,, respectively. All molecules in Table TI1 have bent

2 sk
(sz) structures with the exception of KrF, and XeF2 which are linear (th) as
are Ber and Mng, 2

are apparently triangular (sz). For the series of molecules, CF,, NF,,

as previously noted, and the MF, molecules of Group IA which

and OFZ, the V1 mode is observed to have a higher frequency than that for

the v3 mode which is an apparent deviation from normal trends. This behavior

may be a result of dynamic effects due to the similarity in the masses of

the various atoms making up this series of triatomic molecules (2). The

mode to a higher frequency value than v, has been made for

assignment of the v 3

1

a number of other molecules in this Table. In some cases, however, these

assignments are subject to some uncertainty. Raman data, which could be




utilized to clarify such situations, are largely unavailable for molecules
in Table III since the majority of the data come from infrared matrix-isolation
studies.

In Table IV NF, appears to be an exception as its stretching force constant

3

is lower than that for PF3. It should be noted also that the force constants

for CF3 and SiF3 are very nearly the same. The XF3 compounds of group VIIA

possess two equivalent axial X-F bonds and one equatorial or unique bond.
The equatorial type bonds are stronger than the axial bonds for all molecules
in Tables IV-VI which exhibit bonding of this type with the exception of

the XF5 molecules of Group VITA. The range of point group symmetry for the

molecules in Table III is D3h for Group I1IA, C3

" for Group VIIA. The frequency data for Group VA

- for Groups IVA and VA,

CS for Group VIA, and C2

indicate that 21 is greater than Vg for each member of that series.

Vibrational data for the main group binary fluorides with the formula

XF, are restricted to compounds of Groups IVA, VIA, and VIIIA as ex-

4
emplified in Table V. Molecules of Group VIA possess two axial and

two equatorial X-F bonds. The range of point group symmetry for the molecules
" b

in Table V is Td for Group IVA, C2v 4h

The XF5 molecules of Group VIIA possess C4v symmetry and have four

for Group VIA, and D for Group VIIIA.
equivalent equatorial X~F bonds and one unique axial bond as indicated in
Table VI. The equatorial stretching force constant exhibits the reverse
of the normal top to bottom trend previously noted for bonds of this type.

The XF. molecules of Group VA have D symmetry. It appears appropriate

5 3h
at this point to present a brief discussion of SbFs, since there has been
considerable uncertainty in the interpretation of the vibrational spectra
and the assignment of a structure to the monomer. A recent report involving

a tempcrature dependent study of the Raman gas phase spectrum of ShF5 (3)

indicates that previous vibrational assignments were apparently in error. This




study shows that SbFS is strongly associated in the gas phase even at temperatures
as high as 250°C. The association apparently occurs through bonds involving
b structure to the monomer for

SbFS from a previous matrix-isolation study (4) appears to be negated,

cis-fluorine bridging. An assignment of a C

since the experimental conditions which were utilized could not preclude
the predominance of the associated species. The force constants presented
in Table VI for SbFS are based upon an incorrect vibrational assignment,
It would appear, howcver, that a corrected assignment might produce very
little effect on magnitudes of these reported stretching force constants,
and so they are included for comparison.

Vibrational data for various isocelectronic binary fluorides with the
formula XF, are listed in Table VII. For the first series in the upper

4

left of this table, the force constant increases in going from BF

4 4

It would appear that the next series

to CF

and then decreases slightly for NF4+.

beginning with Alia_ would fellow a similar trend except data for PFA

are unavailable, The fluorides of these two series all have Td symmetry.

Very little can be said in regard to the three series in the lower right
section of the Table since the data are largely incomplete. The symmetry,
however, for the various species in these series is C2v'

Vibrational data are presented in Table VIII for various isoelectronic
series of the formula XF6. All the species in the Table possess Oh

The left to right horizontal force constant trends are similar for each of

symmetry.

these series, as the magnitudes are observed to increase to Group VIA and then

decrease slightly for Group VIIA. The exception to this particular trend

| occurs in the lower series which increases continuously from left to right.

There is a gencral decrease in the force constants in going from top to

bottom for all groups in this table with the exception of VITA vhich exhibits

the reverse trend,

¥ e
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In the compilation of force constant data for the inorganic binary

fluorides, it would be of intcrest to examine how bonding of additional
atoms such as oxygen might affect the bond strengths of selected X-F bonds.

Vibrational data have been compiled in Table IX for NF, CI1F, NF3, and C]F3

along with various oxygenated forms of these compounds to illustrate this
effect. The N-F and CL-F stretching force constants are observed to be
reduced to approximately one half of their original values in going from NF
to FNO and from CI1F to FClO, respectively. Further addition of oxygen atoms
in both series appears to have little effecct on the corresponding X-F
stretching force constants, except for an eventual slight increase over

the value for the mono-oxygenated species. The N-T stretching force constant

is essentially unaffected in going from N~3 to NF3O while the Cl-F force

constants are mildly reduced from Cli’3 to ClF3O. The force constant for

the unique bond of ClF_0 exhibits a much larger reduction than that for

3

the axial bonds. On addition of a second oxygen atom to yield the molecule

ClF.0 both unique and axial force constants increase over the values
q

322

for C1F,0, with latter force constant having a value equal to that of CLF

3 3

Of interest is also the effect additional electrons have on the
structures and stretching force constants for a given fluoride series
having the same molecular formula. This effect is illustrated in Table X

for the ClF2+, Cle, and Cle— series. The structures range from bent

(sz) for C]F2+ and Cl1F, with bond angles of 100° and ~150°, respectively,

2

to linear (Dmh> for ClFZ-. The stretching force constants for Cle and
C1F2_ are 2.48 and 2.35 mdyn/x, respectively, which is approximately half

.*.
the value for that of Cle and indicates that the additional electrons for

Cle and Cle— are largely antibonding. A more complete discussion of Cle
will be made in the following section,
In concluding this section a list of other main group binary fluorides

for which there are either complete or partial vibrational data available

is presented in Table XT.




I~

B. Matrix-Isolation Studies of Transient Inorganic Binary Fluoride Species

The area in which matrix isolation is perhaps of greatest value
is the stabilization of transient species such as free radicals and high

temperature vapors. Until quite recently infrared spectroscopy was utilized

almost exclusively for the vibrational studies of matrixz-isolated species.

With the introduction of laser sources and the development of more sensitive

electronic light detection systems, Raman matrix-isolation studies are

now feasible and have recently been applied to a limited number of unstable
inorganic fluoride species including the molecules OF (5) and Cle (B) -

Both of these species were formed for Raman study by a novel technique
which utilizes the 4880 R output from an Ar ion laser as both the photolysis

source and the Raman excitation source. The examples of ClF2 6), Cer

(7), and HgFZ (8) illustrate the complementary data that Raman matrix-
isolation spectroscopy can provide, Other binary fluoride molecules for

which Raman matrix data is available include OF2 (5), MF, and MF3(M=alkali

2

metals) (9,10), (11), KrF, and XeF, (5), with the latter two molecules

Satvg 2 2

having been formed by the same laser photolysis method as previously

mentioned. Raman matrix-isolation spectroscopy has recently been reviewed
by Ozin (12), and although merely in the early stages of development,
it is anticipated that this area will continue to grow and become a valuable
counterpart to the infrared technique.

This section represents a brief review of matrix-isolation studies
of the main group binary fluoride free radicals and high-temperature vapor
species., A discussion of the halogen fluoride molecules will be stressed
since this is an area of considerable interest to our laboratory. A list
of ﬁain group binary fluorides which have been characterized by matrix-
isolation appears in Table XII., 1t is apparent from this Table that there

are large gaps in the existing data for such species as the halogen fluoride

. . i '
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radicals which must be filled in order to gain a better understanding
of the structural properties and bonding which are characteristic of these
systems, Presently ClF2 and C12F are the only halogen fluoride radicals

for which vibrational data have been published. The ClF4 (13,14), ClF6

(14,15), BrF, (15,16), and IF, (15) radicals have recently been prepared

6 6
by y-radiclysis and characterized by esr although no vibrational spectroscopic

data are available, Other interhalogen radicals, Cl, and Br3, which were

3
reportedly formed by microwave discharge (17,18) may in fact be the ionic
X3- species (19).
The Cle radical is of sufficient chemical significance to merit a
brief discussion. This particular radical is an interesting species due to
the fact that it possesses 21 valence electrons and appears to have an
intermediate bond angle of ~150°. Such a bond angle is apparently unique
for interhalogen species since the bond angles for most of these molecules
are very near 90° or 180°. The ClF, radicol was first prepared in our
laboratory through the matrix reaction CI1I' + I' - Cle (20) . This reaction
was initiated by production of F-atoms through in situ u.v. photolysis
of molecular fluorine., From the infrared data the three vibrational fundamentals

35 37

were assigned. On this basis and on the basis of “7Cl, Cl isotopic shift

data for Vg C].]"2

of ~135°. Very recently, however, Andrews' group (6) has repeated the

was assigned a bent (sz) structure with a bond angle

infrared work and in addition has successfully prepared Cle by the laser
photolysis technique for Raman study. Bases upon the new Raman data, the

- -1
v, mode was reassigned from a value of 536 cm - to that of 500 ecm ~. It

1
appears that the principle of mutual exclusion holds for the ClF2 radical
which is indicative of a linear triatomic species, but as Andrews points

out, mutual exclusion is valid only within the limits of detectability,

which may be a problem for weakly active modes in dilute matrices. In a

10
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reassessment of the data, Andrews favors a slightly bent structure with
a bond angle of ~150°.

Recently we have completed (in collaboration with E. S. Prochaska and
L. Andrews of the University of Virginia) a matrix isolation study of the
bromine-fluorine system (21). Evidence for the formation of Ber, BrZF,

was obtained. These experiments involved UV-photolysis of matrix

and Br2F2
3 in Ar, equilibrium mixtures of BrF, BrF3, and Br2

in Ar, alone and codeposited with F, in Ar, and Brz in Ar and F2 in Ar

mixtures, including BrF

deposited from separate manifolds. Also microwave discharge experiments were

done with samples of Ar/Br, and Ar/F2 mixed before and during discharge.

2

The microwave experiments were stimulated by a recent mass spectrometric

kinetic study (22) which appeared to present a method producing BrF in a much

purer form., The data for Ber are of comnsidersble interest for the purposes

. : -1 . -1 . :
of comparison with CIF A doublet near 569 cm = with a 2.2 em & isotopic

9
splitting was attributed to Ber, and a calculation of 152° + 8° for the

lower limit of the F-Br-F valence angle strongly indicates that, like

-1
Cle, BrF, is also obtusely bent. Bands observed at 555 and 507 cm

2
were attributed to Br2F2 and ErzF, respectively, based upon photolysis
behavior similar to their chlorine analogs.

Vibrational data for the majority of the molecules in Table XII were

presented in the first section and these species will not be discussed

further.
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Appendix 11

: [Reprinted from the Journal of the American Chemical Socicty, 97, 3526 (1975) )
Copyright 1975 by the American Chemical Society and reprinted by permission of the copyright owner,

The Chlorine Hexafluoride Radical. Preparation, nian.'® These values were then refined until forward calcu-
Flectron Spin Resonance Spectrum, and Structure! lations by means of an accurate expression'! derived from
Sir: the Brcil -Rabi equation reproduced the experimental field
; positions of the outer (M;(Cl) = %) components, the fol-
Chlorine hexafluoride is the only unreported molecule of lowing results being obtained: a(¥Cl) = 771 G, a(* Cl) =
the series CIF, (# = 1-6) to date. This hypervalent radical 642 G, a("F) = 89 G, and g = 2.015 £ 0.00). ] is estimat-
possesses one electron more than SFq and one valence clec- cd that the hyperfine coupling constants are accurate to +1
tron less than Xel, so that the unpaired electron is expect- G. The ratio of a(**Cl)/a(V’Cl) is 1.201 4 0.002, in satis-
ed 10 occupy the a*;, orbital in O, symmetry. Since the factory agreement with the value of 1.2015 for the *Cl/ |
a* ), orbital is thought to play a pivotal role in the unusual 37C] ratio of nuclear g factors. An additional check on the 4
structural dynamies of Xekb 240t s of interest to ascertain parameters was made by calculating the field positions for
the composition of this antibonding orbital in . lated radi- the M, (35Cl) = +'% set of componcits, these values agree-
cals by ESR studies. We now wish 1o repart the preparation ing with the observed positions to better than 1 G.
and ESR identification of the Cll, radical. The spectrum of interest is assigned to the CIF, radical
The title radical was gencrated by 5 radiolysis of Sk formed by fluorine atom addition or transfer to Cil<. The
containing 5 mol % of CIF s at ~196°. Fessenden and Schu- most remarkable feature is the large Cl coupling of 771 G
ler® have described the use of solid She as a suitable matrix which is more than twice the value (288 G) for ClIF,.Y Since
for the observation of isotropic ISR spectra during in situ an isotropic coupling of only 82 G has been calculated for
irradiation.® Similarly, we tind that isotropic spectra are complete occupancy of the chlorine 4s ortital ¥ it 1s evident
observed for radicals which are sufficiently long-lived to be that the unpaired clectron in CIF, must populate the chlo-
detected in a y-irradiated SF, matrix at —165°. rine 3s orbital. In this case the caupling corresponds to a
In the spectrum shown in Figure 1, the outer lines consist spin density of 0.46. This finding is consistent with the oc-
predominantly of two separate 1:6:15:20:15:6:1 scptets at cupation of the totally symmetric a*y, orbital for a regular
low ficld together with a carresponding septet at high field. octahedral geometry. Also, the interaction with six equiva-
Allowing for the effect of radical decay during the sweep lent fluorines accords with this description.
from low to high ficld, these three septets are of comparable Although the results conform to O symmetry, they do
intensity. According! ., the pattern is interpreted as a izl not climinate the possibility that CIF, undergoes deforma-
I quartet of binomial septets, the missing septet being tions similar to those deduced for XeF,.™ First, such mo-
masked by the more intense lines from SFs” and CIFS in tions would iead to such a rapid modulation of the spin dis-
the center of the spectrum. The septet substructure is at- tribution that the fluorines would be cquivalent on the ESR
tributed to hyperfine interaction with six equivalent fluorine time scale. Secondiy. the results of Hickel MO calculations
(/ = ') nuclei while the quartet splitting originates from indicate that the HOMO of Xelq is stabilized by deforma-
coupling to one 33CH(I = %) nuclens.” This interpretation is tions from O, to C5, symmetry when there is a Ia-rgg* contri-
verified by the observation of the outer components from bution from the xenon Ss orbital to this antibonding orbi-
the weaker spectrum of the Cl (1 = %) radical, as indicat- tal.”® Thercfore the large spin density in the chlorine 3s or-
ed in Figure 1. bital of CilY, is quite compatible with a fluctuating struc-
Because of the large hyperfine interactions, the ESR pa- ture involving deformations to nonoctahedral configura-
rameters were calculated by including terms up to fourth tions.
order in the solution of the isotropic ESR spin Hamilto- Finally, it is noteworthy that the lines of the CII%, spec-
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Figure 1. First-derivative ESR spectrum of y-irradiated SFq containing ClFg at =165°. The center portion of the spectrum was recorded at approxi-
mately half the gain in order to show the outer quintets of the ClEg spectrums strong lines from Sk are also present in the center region. The hine
positions for the “*ClEg speetrum are indicated by the stick disgram and the arrows above the spectrum mark the center lines of the outer sepiets of
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trum arc much broader than those of the CIFy spectrum in
Figure 1. The broadening appears to be uniform for the dif-
ferent components and therefore is not attributable to a
modulation of the spin distribution (on the ESR time scale)
nor to anisotropic broadening resulting from incomplete
tumbling of the ClIY, radical. It is conceivable that the
broadening is caused by enhanced spin-lattice relaxation
through a mechanism of spin-orbit coupling.'? Such a
mechanism might well be operative if there is a mixing of
the (a*;,)! ground state configuration with the orbitally de-
generate (a*),)° (1%),)" excited state during the course of
deformations about a mean of octahedral geometry. A
pseudo-Jahn-Teller effect of this type has been discussed™
in the analogous case of Xek,.

Acknowledgment. We wish to thank Dr. F. Q. Roberto of
the Air Force Rocket Propulsion Laboratory, Edwards
AEB, Calif| for a sample of chlorine pentafluoride.

References and Notes

(1) This work was supported by the US. Crcrgy Research and Develop-
ment Administration (Document No. ON0-2968-82) and by the U.S
Army Research Otfice —Durham (Grant [-31-124-73-G96)

(2) (a) L. S. Bantell and . M Gavin, Jr., J. Chiem. Phys., 48, 2466 (1968);
(M) R. M Gavin, Jr., /. Chem. Fduc., 46, 413 (1969); (c) N. Bartlett and

F. O. Sladky in “Comprehensive Inorqanic Chemistry”, Vol 1, A F.
Trotman-Bickenson, £4., Pergamon Press, Oxford, 1973, p 299 {4
(3) C. R. Brundle, G. R Jones, and H. Basch, ... Chem. Fhys., 55, 1098
(1971).
(4) R D. Burbank and G. R. Jones, J. Am. Chem. Soc., 96, 43 (1974)
(5) R W.Fessenden and R H Schuler, J. Chem. Phys., 45, 1845 (1566)
(6) R. W. Fessenden and R H. Schuler, J. Chem. Phys., 39, 2147 (15563}
(7) J R.Merton and K. F Preston, Chem. Phys Lett | 18, 98 (1972}
(8) (@) J. R. Morton and K. F_ Preston, J. Chem Phys., §8, 3112 (1973). (b)
Also, an intense ESR spectrum of ClFg was observed alter 5 irradiation
of SFg containing chlorine tritluoride. This method of generation ditfers
from that used by Morton and Preston® and thereby confirms their iden-
tification of the CIF ; radical.
The absence of a central septet spectrum with 50C-fold greater intensi-
ty rules out the possibility that the quartet of septets is due to S (I =
%) satelites in natural abundance. Also, the specirum reported in this
papei is cleaily different from a weak spectruin noted previously” for a
radical with six equivalent fluorines and thought to be Skg™. The latier
spectrum (a(*“F) = 195 G: g = 2.006) passessing well-resolved cec-
ond-order fluorine splittings has been also chserved in our studies of y-
irradiated SF¢ without additives
(10) (a) R. W Fessenden and R H. Schuler, J. Chem. Fhys., 43, 2704
(1963}, (b) K. W. Fessenden, J. Magn. Reson., 1, 277 (1969)
(11) J. A. Weil, J. Magn. Reson., 4, 394 (1971)
(12) H. M. McConnell, J. Chem. Phys., 34, 13 (1961)

(9

Koichi Nishikida, Ffrancon Williamis*

Gleb Mamantoy, Norman Smyrl

Departmcnt of Chemistry, Uriversity of Tennessee
Knoxville, Tennessee 37916

Received February 18, 1975

- ————
N\
)
S
4

3527




—

Appendix ITI

I N pra & nr *ele *
ESR spectrum and structure of BrF,
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Recently, we reporied the isotropic EsR spectrum of separated by twice the fluorine splitting,
i 1 i ] L
the C1¥; radical’ ghowing cqual hyperfine interaction
with six fluorines (a9 =89 G) and an extremely large < o £o0K : 2
; ,.‘ e N e g the exact (Breit=Rabi) solution” of the isotrapic spin
chlosine coupling (ag; =771 G) corresponding to a spin : S 1 ¥ ’ ,
N ) g . . s 3 E - jamiltonian for § = and 7=_ was usecd to constract an
densivy of 0,46 in the 3s orbital) of the centrul atom. We i 6 : B
; chergy-level diagram.® Because the bromine hyperlin
inferaction is comparable to the electron Zeeman ener-
gy, the two spin angular momentum vector S and I are
nx of ~5 mole? of the halo- coupled to form 2 resultant F=S+1I and the eigenstates
: made up in a well-passiv- are specified by the [F, /) quantum numbers where J°

In order to obtain the bromine hyperfine ccuplings,

now describe similar studies designed to prepure and

$ BrFg and 1Fg,

dclect the heavicr congeneric

A eascous mixture con

gen pentafiuoride in SFg v

ated metal vacnum line and condensed diveetly into a ie the tolal angular momentum and M is ils 2 compo-
Suprasil quartz fube, The resulling solid solution was nent. Thus, there are two levels F=2 and F=1, ecach
Y irradiated at 77 K and the X-band ESR specira re- consisting of 2F +1 sublevels in a magnetic field with
corded at ~105 'K, the technique being adapted from that different values of Mp =M  + .3,

originally emiployved by Fessonden and Schuler,® The
magactic field strengths in the electron resonance re-
gion were dotermined using a proton magnetic resonance
probe. Except for the well-known signals of the radicals
derived from the SV host, *=* 1o isctropic ESR transi-
tions were detected in the iodine pentafluoride sample by
sweeping the magnetie field from zero to 13 kG, 9. B\

When the zero-field splitting (7 +1/2)a =2 (in MHz)
exceeds the microwave frequency v, the only transition
allowed in the high-field limit (A.‘U, =0) is thal between

As shown in ¥ig. 1, 2 group of evenly spaced transi- 4 l
tions were observed betweon 6,5 and 7.5 kG in the BrF; o
mixtnre. Assuming that g ~2, the abbrevi:ted form of =
the specirum is indicative® of a large bromine hyperiine ‘.5’3 [
interaction cuch that only the lines balonging (o the high- “"" W'w\\/-v*"‘“/\/ {
field quantum number M =— 3/2 transitions of a bromine
(I=3/2 for "™Br and *'Br) radical are obscerved, the sub- /
structure rencesenting the additional coupling to several !
equivatent tlvorines, A clue to the identity of the radi-
cal is provided by the vaiform ¢041 G spacing between

<
}778006

the broad lines, this value being almost identical to the v=91120 MHz .
fluorine coupling (89 G) in the CI¥, radical,' In addi-

tion, the nonhinomial intensity distribution for the seven l .
stronyg components is accounted for if the speetrum rep- —t l (5 0 T G

resents a supevimpogition ol hyperfine components from Br
“Br and '
Ae shown in the sbick diaeram, @ salisfoctory recon-

species preseat in almost equad abundance.

£ i 2 z !.‘.l(lr) £ = e
siraciion of the nine-line spectram is obtrined by posi-
tioning the twe 1:6:1H:20:15:6:1 fluorine septots FIG. 1. ESR spectsum of Brk, showing the 12, =2)«=s 12, < 1)
from Ppryy and 'BeF; so that their concor lines are bromine transitions with fluorae sabstrocture,
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TABLE I, ESR transitions and hyperfine interaction parameters

for Brl,,

v HogpC'i3r)  Hogpy(MBix) Gt ag®
Mz G G Miiz Mz

9121,1

72131 11735

9118, 8 7211.3 11744

tCalculated using Lq. (2) and g=2,015; values obtainad usi
Eq. (1) differed from: these by ~6 Mz which is within the
precision of the result:

by luorine coupling obtained directly fros
and text),

speetrum (see Fig, 1

17

the 12, -2) and 2, ~1) states correspondiag to 1
4

3 . . . s
=—1." It is casily shown that the magnetic field at reso-

nance H_;;, is given esactly by Eq. (1),
. \ 2 ;
&6 5/, .‘QL,’ ! 0/1 _8xBy\ &xBxllyy <1 4 ENP

h l \ Fac Hi 2_.-_ 3

’ ’ \
=2v (v +2a) ,

wherc v’ =v+g.,/i H 4,,/2h and the other symbols have
their ugual cennotations, Assuming that the nuclear

Zeeman term gyB8yH_s./h is negligible compared to v,
a, and g3H_y,,/h, Eq. (1) reduces to

(2)

which allows a (o be
of H_y,.,
bromiin

tnated dicectiy from a knowledge
v, and g. ivce there is no spectram from
isolopes with zero spin, the g factor of BrFg
cannot be determined independently and we have as-
Yviz, . 2.015,

sumed the value obt

The coupling constants derived {rom two sets of ex-

perimental data are given in Table I, the average values

416342 G,
The ratio ay;/a;, i 1.079 in satisfactory agreement with
Hay/ Mge ~ 1.078, thereby confirmiag the above analysis

veine ¢, = 4494 22

and a,=869+1 G,

and the assignment of the spectrunito Br¥,. Employing
the magnetic parameters calculated for the bromine 4s
atomic orbitul," these bromine coupling constants cor-
respond to a 4s spin density of 0,54 on the central atom
which compares closely with the vilue of 0,46 obtained
for the chlorine 3s orbital in CIF,." Thus the distribu-
tion of the unpaired electron between the ns orbital of
the central atom and the fluorine ligands is very similar
in the two radicals and these results are consistent with
the occupation of the totally symmetric of, orbital in O,
symmetry, However, as mentioned previously, ! these
resulis do not exclude the possibility of large deforma-
tions about a mean of ectahedral geometry, and the large
LESR linewidihs may be svuiptomatic of a {luctuating

structure,
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*Supported by the U, S, Energy Rescarceh and Development Ad-
ministration (Document No. OR0O-2365-93%) and by the U, 8.
Army Research Office-burham (CGrant D=81-124=T5-G9G).

spondence should be addressed to this author,
hikida, F, Willia:
Am. Chem. Soc. 97,
R, W. Fessenden and it
1845 (1966).
83, R. Morton and K. ).
(1973).
A. J. Colussi, J, R, Morton, and K, R. Pres{on, Chem,
Phys., Lett. 30, 517 {1973).
A. Weil, J. Mag. Reson, 4, 394 (1971).
See, e.g., G. E, Pake and T. L. Estle, The Physical Prin-

rance (Benjamin, Read-

antov, and N, Smyrl, dJd.

Schuler, J. Chem, Phya. 45,

Preston, Chem. Phvs, Lett, 18, 95

ciplos of Electvon Pevainegnetic Res
ing, MA, 1973), 2nd ed. p. 147,
When - 1/2, the allowed high=field travsition occurs helween
the 11,=1) and |1, 0) states.
v is provided by the work of P, H. Kasai, Phys. Rev., Lett.
21, 67 (1968).

J. . Weriz and J. R. Dolton, Elcctron Spin Resonarce (NMc-
Graw-Hill, New York, 1972) Tuable C.

An example vhere ¢ exeeeds

8

-

S T I
Ry i

. P




